INTRODUCTION
Plasma membrane H + -ATPases constitute a family of proton pumps driven by hydrolysis of ATP and are found exclusively in the plasma membrane of plants and fungi. Here their primary role is to provide an energy source for transport of nutrients into the cell. The plasma membrane H + -ATPase is an electrogenic enzyme since it extrudes positive charges (H + ) and thus forms a membrane potential (negative on the inside). In plant cells this membrane potential may exceed −200 mV (52). As protons accumulate on the outside of the cell, the pH of the apoplast decreases typically to reach values of pH 5-6, substantially more acidic than the cytoplasm. The combined electrochemical gradient of charge and matter constitutes a driving force for solutes to enter the cell. Cations are attracted by the cell because of the membrane potential, negative inside, and may enter the cell simply through channel proteins. Cations, anions, and neutral solutes are all able to enter the cell through various carrier proteins through which transport is energized by the concomitant uptake of protons. Thus, most of the hundreds of membrane-bound transport proteins that have been identified in plants are energized indirectly through the action of plasma membrane H + -ATPases ( Figure 1 ).
In this review, I focus on recent advances that have increased our knowledge of plant plasma membrane H + -ATPases. These include new insights into the evolution of H + -ATPases, progress in understanding the physiological roles of H + -ATPases and their regulation, and advances in structural biology that have helped us to understand structure-function relationships. Other aspects of plasma membrane H + -ATPases are discussed in a number of recent reviews (79, 82 95, 96, 109, 123, 131, 133) .
EVOLUTION
Plasma membrane H + -ATPase differ markedly from V-type and F-type H + -ATPases in the vacuolar and mitochondrial inner membranes, respectively, with respect to their biochemistry, subunit organization, mechanism of action and evolutionary origin. Plant plasma membrane H + -ATPase is a single polypeptide of around 100 kDa that forms a covalent enzyme-phosphate transition state during the reaction cycle (20, 136) . Hence, this enzyme is classified as a P-type ATPase (to reflect the presence of the E-P form). P-type ATPases constitute a large family of cation pumps that (a) form an aspartyl phosphate reaction cycle intermediate, (b) are inhibited by vanadate, and (c) share a common domain organization (12, 73, 80, 106) . Other ATPases belonging to this family include the fungal plasma membrane H + -ATPases; the animal Na + /K + -ATPase; the gastric H + /K + -ATPase; the Ca 2+ -ATPases in the sarcoplasmic reticulum and in the plasma membrane, vacuolar membrane, and ER of plants, fungi, and animals; heavy metal ATPases in bacteria and eukaryotes; and bacterial K + -ATPases. In all these ATPases, the amino acid sequence surrounding the phosphorylated aspartate residue is conserved: DKTGT[L/I/V/M][T/I] (the D is phosphorylated). This motif (ProSite PS00154; ATPASE E1 E2) can be used as a signature pattern to identify P-type ATPases.
P-type ATPases are structurally related to a large superfamily of hydrolases that are typified by the L-2 haloacid dehalogenase (HAD) (8) . Sequence and structure comparisons suggest that the catalytic phosphorylation site and other regions are related in P-type ATPases and haloacid dehalogenases (130, 134) . However, in P-type ATPases, a nucleotide binding domain has been inserted into the haloacid dehalogenase fold (130, 134) . It was therefore hypothesized that P-type ATPases first evolved from the fusion of a HAD-like phophatase with a nucleotide-binding protein ( Figure 2 ). A soluble P-type ATPase was recently identified in the archaebacterium Methanococcus jannaschii (91) and might represent an ancestral P-type ATPase.
Later, soluble P-type ATPases might have fused with a membrane-bound carrier protein ( Figure 2 ). The soluble P-type ATPase of M. jannaschii has sequence homology with the membrane-bound KdpB-ATPase (91) . This primitive bacterial P-type ATPase has only six putative transmembrane segments, whereas presentday plasma membrane H + -ATPases are believed to have ten transmembrane segments. Acquisition of the four additional membrane-spanning segments might have been the result of subsequent protein fusions.
The KdpB ATPase of eubacteria is unlike other P-type ATPases because it is organized in a complex with three other polypeptides, KdpA, KdpC, and KdpF (2, 42) . The Kdp-ATPase complex is involved in K + transport but, intriguingly, KdpA, and not KdpB, constitutes the K + pathway in the complex (23, 32). It has been suggested (12) that KdpB might be involved in the outward transport of another cation (which could be H + ), thus generating a membrane potential that could drive uptake of K + through the KdpA subunit, which resembles a K + channel (32); however, experimental evidence for this hypothesis is lacking.
It is not yet clear whether transport of protons by P-type ATPases is to be considered a primitive character. Sequences belonging to the subfamily of P-type H + -ATPases have been identified in plants, fungi, protozoa, and in M. jannaschii (12) . However, related genes have not been identified in other archaebacteria (five complete genomes are available so far) and not at all in eubacteria. (82) and at the P-type ATPase database web-site (http://biobase.dk/∼axe/Patbase.html).
A phylogenetic tree based on the available amino acid sequences reveals the presence of a number of H + -ATPase subfamilies ( Figure 3 ). Arabidopsis AHA1, e The original protein sequence is partly derived from genomic DNA data. A proposed exon border has been changed by one amino acid removing a one amino acid gap only found in this sequence. f This sequence is atypical as it is missing 100 amino acid residues from a conserved area and the C-terminal also seems to be missing. In its current form it cannot be an active ATPase, but could be a pseudo-gene or have another function in the cell.
AHA2, AHA3, and AHA5 group together with N. plumbaginifolia PMA4. Arabidopsis AHA6, AHA8, and AHA9 belong to a cluster with N. plumbaginifolia PMA6. The remaining H + -ATPases form three small branches, each with representatives from both Arabidopsis and N. plumbaginifolia.
When the structures of the Arabidopsis and N. plumbaginifolia H + -ATPase genes are compared and grouped according to their exon split boundaries, the H + -ATPase genes form three clusters with very similar exon structures (Figure 4) . The H + -ATPases cluster as in the phylogenetic tree, except that one cluster (III) comprises three of the small branches in the phylogenetic tree.
We might conclude that at least two H + -ATPase gene duplications have occurred early in plant evolution, well before the split between Arabidopsis and N. plumbaginifolia. These have been followed by several more recent gene duplications and have given rise to additional subfamilies of H + -ATPases, each with one or more members depending on the organism.
Is there functional analogy between the H + -ATPases in each subfamily? For example, Arabidopsis AHA3 and N. plumbaginifolia PMA4 are members of the same subfamily (I) and are both localized to the phloem (see below) where they may have the same function. Whether this reflects the general picture, however, is still too early to say.
Another important question is: Do the various members of the H + -ATPase family in a given species have different catalytic properties? This problem has been tackled by producing individual plant H + -ATPase isoforms in a heterologous system such as yeast. Subsequent analysis has revealed a number of quantitative differences in catalytic and regulatory properties between isoforms (27a, 72, 97). In yeast, plant H + -ATPase isoforms are phosphorylated to various degrees by an endogenous protein kinase at residues important for regulation (27a, 39, 76) . Are some of the observed differences in catalytic properties between isoforms partly or fully the result of this posttranslational modification in the heterologous host? Identification and disruption of the protein kinase(s) having plant H + -ATPase as its substrate might help resolve this question.
PHYSIOLOGICAL ROLES
Plasma membrane H + -ATPases are found throughout the plant in every cell type investigated. However, certain cell types have much higher concentrations of H + -ATPase than others. For a comprehensive description of the expression pattern of seven isoforms of the N. plumbaginifolia plasma membrane H + -ATPase, the reader is referred to (94) . An overview of the localization of plant plasma membrane H + -ATPases is given in Table 2 . In general, cell types with abundant H Massive screening of Arabidopsis lines carrying T-DNA insertions has so far resulted in the identification of individual mutant lines carrying knockouts in all H + -ATPase genes except for AHA6 and AHA12 (66, 67, 149a) . Several mutant alleles have been identified for a number of isoforms (149a) . The analysis of knockout lines is likely to concentrate first on the identification of essential genes. In those cases where there is redundancy of gene function, single gene mutations might not result in a visible phenotype. However, knockouts in more than a single H + -ATPase gene can in principle be generated by crossing mutant lines. In this review, focus is on the role of H + -ATPase in phloem loading, the movements of stomatal guard cells, energization of nutrient uptake into the roots, and for the growth of root hairs and pollen tubes. The participation of plasma membrane H + -ATPases in other important physiological processes such as salt and osmotolerance, leaf movements, intracellular pH regulation, and acid growth is discussed elsewhere (79, 82, 94, 96, 123, 131) .
Role in Phloem Loading
The plasma membrane H + -ATPase is highly concentrated in the phloem, a specialized tissue for long-distance transport of mostly organic compounds. This was first shown by immunodecoration of this tissue with anti-H + -ATPase antibodies (103, 139) . The expression patterns of the GUS reporter gene fused to the promoter region of Arabidopsis AHA3 (29), and N. plumbaginifolia PMA4 (81) indicate that these H + -ATPase isoforms are phloem localized. Transgenic N. plumbaginifolia plants that cosuppress PMA4 are stunted in growth and accumulate sugars in the leaves (152) . The retarded growth might result from the inability of established leaves to export sugars to sink organs such as the root and developing leaves. This would suggest that the plasma membrane H + -ATPase is crucial for the loading of sucrose and probably other photosynthetic assimilates into the phloem (152).
The exact localization of H + -ATPase in the phloem has been studied in some detail. Arabidopsis AHA3 H + -ATPase was equipped with a viral epitope and expressed in transgenic plants (31). Immunological detection localized the tagged protein to phloem companion cells. These cells are rich in mitochondria and hence are able to synthesize the large amounts of ATP required by the H + -ATPase. In Arabidopsis (129, 135) and Plantago major (128) , sucrose/H + cotransporters are found in the plasma membrane of phloem companion cells. Sucrose taken up by these cells is subsequently transported into the sieve elements by passive diffusion through plasmodesmata.
Surprisingly, sucrose/H + cotransporters in tobacco, potato, and tomato are localized exclusively in the plasma membrane of enucleate sieve elements (68) . These cells contains few mitochondria, and the H + -ATPase has not been localized to this cell type. How the H + -ATPase in the companion cells is able to energize sucrose transport by sucrose/H + cotransporters in the sieve elements is not understood. Whether H + -ATPase has escaped detection in enucleate sieve elements needs to be investigated.
Role in Regulation of the Size of the Stomatal Aperture
When guard cells take up solutes and water, the cells swell and the stomatal aperture widens, allowing CO 2 to enter the leaves through the stomatal pore and to be utilized for photosynthesis. Immunological methods have shown that the plasma membrane H + -ATPase is enriched in guard cells (16, 139) . Two H + -ATPase genes of Vicia faba (VHA1 and VHA2), two H + -ATPases of N. plumbaginifolia (PMA2 and PMA4), and maize MHA2 are expressed in guard cells. In addition, V. faba, N. plumbaginifolia, and maize express these genes in many other cell types (Table 2) .
Transgenic N. plumbaginifolia plants that cosuppress expression of PMA4 have closed stomatal apertures (152) . This is true even in the presence of the fungal phytotoxin fusicoccin, which normally induces strong irreversible activation of H + -ATPases. The H + -ATPase is thus likely to be required for the opening process.
Opening and closure of the stomatal aperture are controlled by many factors (9, 150) . For example, a short pulse of blue light is sufficient to initiate the opening process. Blue light is presumably registered by a light receptor in the guard cells and the signal transmitted to the guard cell plasma membrane H + -ATPase. In V. faba, this activation occurs less than a minute after the light signal is received, thus activating electrogenic H + pumping (5, 10, 63, 116, 122) . The complete signal transduction pathway from the blue light receptor to the H + -ATPase has not been identified, but involves a protein kinase that by phosphorylation of the H + -ATPase creates a binding site for regulatory 14-3-3 protein (see below) (63) .
Role in Solute Uptake in the Roots
Epidermal cells of plant roots have a very high affinity for anti-H + -ATPase antibody (55, 119) . Several candidate H + -ATPases have emerged that might be involved in energization of the uptake of nutrients from the soil into the roots. Since they are localized to root epidermal cells and root hairs (Table 2 ). In Arabidopsis, the mRNA of AHA2 accumulates in the roots (47), and evidence based on the analysis of the expression patterns of promoter-GUS fusions in Arabidopsis have suggested that AHA2 is localized in the root epidermis as well as in other parts of the plant (JF Harper, personal communication; K Drumm & MG Palmgren, unpublished results).
In roots, apart from the epidermal cells, high amounts of immunodetectable H + -ATPase are apparent in the endodermis (55, 103) . The localization of H + -ATPase in root endodermal tissues suggests a role for the pump in the active loading of solutes into the xylem (103) . In Arabidopsis, AHA4 is expressed most strongly in the root endodermis, but also in flowers, as suggested by promoter/GUS reporter assays (JF Harper, personal communication).
Role in Tip Growing Systems
Tip-growing systems are single-cell systems that expand in one direction only. Prominent examples of plant tip-growing systems are pollen tubes and root hairs ( Figure 5 ). High amounts of plasma membrane H + -ATPase have been localized immunologically to pollen grains, but only low amounts to pollen tubes (87) . Large numbers of H + -ATPase isoforms have been localized by GUS-promoter fusion analysis to pollen grains (Table 2) .
Using a self-referencing (vibrating) electrode, electric fields can be detected around germinating lily pollen (147) . Measurements by proton-selective vibrating microelectrodes have revealed that these currents are generated by fluxes of protons (35). Two closed loops of proton fluxes are present in a long (∼800 µM) pollen tube: The first circuit is around the grain, with protons leaving the pollen grain and entering the pollen tube at its basal end, immediately after the pore; the second proton circuit is localized to the growing tip, with protons leaving the tube below the tip and entering the tube at the extreme apex. The first proton circuit, at the base of the pollen tube, is compatible with the high level of plasma membrane H + -ATPase at the corresponding position (87) . However, the second proton circuit, at the tip of the pollen tube, is not compatible with the apparent lack of H + -ATPase at this location (87) . Further studies are therefore required to clarify the localization of H + -ATPase in pollen tubes. The pattern of cytoplasmic pH in the growing pollen tube correlates well with the localization of proton fluxes. Cytosolic pH has been measured in the growing pollen tube using a wide-field imaging system that allows visualization at low concentrations (less than 1 µM) of the pH-sensitive fluorescent probe 2 ,7 -bis-(2-carboxyethyl)-5-(and-6)-carboxyfluorescein (BCECF) (35). Higher concentrations of the indicator dye are often used (37, 77, 104), but apparently dissipate local pH gradients (35). The tip of the growing pollen tube possesses a distinct pH gradient ( Figure 5) . Thus, the cytoplasm of the extreme apex is slightly acidic (pH ∼ 6.8), with an alkaline region (pH up to 7.8) observed immediately below (35). The cytoplasmic pH at the position of the alkaline band oscillates with time, and a clear correlation exists between alkalinization and increased rates of pollen tube growth (35).
Root hairs of barley contain high amounts of immunodetectable plasma membrane H + -ATPase (119), and several isoforms localize to this structure in other species (see above). Proton-selective vibrating electrodes have also revealed a proton circuit in root hairs (58, 146) : Protons enter the root hair at the extreme tip and leave the hair just below the tip (58) ( Figure 5 ). This pattern of proton influx and efflux closely resembles that detected in the pollen tube. However, it is still not known whether proton fluxes in the root hair correlate with changes in cytoplasmic pH and spatial localization of the plasma membrane H + -ATPase. Confocal ratio imaging of root hairs has been used to reveal the pH of the cell wall and in the cytoplasm. Root hair initiation in Arabidopsis is associated with a slight alkalinization of the cytoplasm (from approximately pH 7.3 pH up to pH 7.7) and a local wall acidification (from pH 6 down to pH 4.5) at the site of initiation (18) . The initiation process is reversibly stopped by adding buffers to raise extracellular pH. These localized changes in pH at the initiation site could be due to changes in plasma membrane H + -ATPase activity; this proposition should be tested, possibly by a genetic approach.
REGULATION
The C-terminal end of the plasma membrane H + -ATPase (the C-terminal regulatory domain, hence the R-domain) serves a role as an autoinhibitory regulatory domain. This was demonstrated initially from studies showing that a C-terminal fragment of the H + -ATPase could be removed by proteases resulting in increased H + -ATPase activity (98, 99) . It was hypothesized that a posttranslational modification in vivo might displace the R-domain, which would lead to pump activation and an enzyme with high affinity for its ligands (95) . According to this model, physiological factors that increase H + -ATPase activity are likely to have this domain as their ultimate target.
Several lines of evidence have suggested a molecular mechanism involving the R-domain that leads to activation of the plasma membrane H + -ATPase (Figure 6 ). This model involves 14-3-3 protein, which are regulatory proteins that bind to a large number of target proteins in eukaryotic systems (25, 36, 38) . Typically, 14-3-3 proteins will only bind if a Ser (85, 149) or a Thr (39, 76, 132 ) is phosphorylated in the 14-3-3 binding site of the target. A family of twelve 14-3-3 proteins is found in Arabidopsis and the isoforms have somewhat different affinities for a given target within the cell (116a).
Several lines of evidence led to the identification of 14-3-3 proteins as candidate regulatory proteins of H + -ATPases: (a) 14-3-3 proteins copurified with the binding activity of fusicoccin, a fungal toxin that activates the H + -ATPase (64, 75, 88); (b) proteolytic studies showed that fusicoccin activates plasma membrane H + -ATPase by a mechanism involving the R-domain (57, 69, 92, 111) ; and (c) there was a strict correlation between the amount of fusicoccin bound to the plasma membrane and the activation of the plasma membrane H + -ATPase, as would be expected if the fusicoccin receptor interacts directly with the H + -ATPase (28). Later it was shown that 14-3-3 protein interacts directly with the R-domain (40, 56, 90) . Phosphorylation of the penultimate Thr in the R-domain (Thr948, Thr947, and Thr955 in spinach H + -ATPase, Arabidopsis AHA2, and N. plumbaginifolia PMA2, respectively) results in the formation of the binding site for 14-3-3 protein (39, 76, 132) . Binding of 14-3-3 protein to the R-domain is stabilized by the addition of fusicoccin. Interestingly, the fusicoccin binding site is generated only following interaction of the 14-3-3 protein with the R-domain (14, 89, 108) . Binding of 14-3-3 protein to the R-domain results in activation of H + -ATPase activity (14, 76, 132) . To reverse the activation, which is induced by the protein kinase-mediated generation of the 14-3-3 binding site, the R-domain would need to be dephosphorylated by a protein phosphatase (Figure 6) . A protein phosphatase 2A activity that could serve such a role has been purified from maize membranes (24).
Intriguingly, it has been reported that plasma membrane H + -ATPases in some systems is inhibited by phosphorylation and activated by dephosphorylation (29, 71, 138, 148) , which is in contrast to the results reported above. In beet root, inhibitory phosphorylation of H + -ATPase is Ca 2+ dependent (71) . The residue(s) in the H + -ATPase involved in this negative regulation have not been identified but might be apart from the R-domain (29).
Other factors contribute to posttranslational regulation of H + -ATPase activity. Lysophospholipids and free fatty acids activate H + -ATPase activity (100, 105) by a mechanism involving the R-domain (57, 99, 112) . Lysophospholipids and free fatty acids are generated when phospholipids are hydrolyzed by a reaction catalyzed by phospholipase A 2 . This enzyme, which has been proposed to serve an important role in regulation of the H + -ATPase in vivo (95, 100, 121) was first identified in oat roots (100) and has been purified from leaves of Vicia faba (61, 62) .
Other aspects of regulation of the activity of H + -ATPase are discussed in recent reviews (82, 95, 96, 109) . Regulation of the amount of H + -ATPase in the plant occurs at several levels. Transcriptional and translational levels of regulation have been described elsewhere (82) . In addition, controlling the amount of H + -ATPase by exocytosis and protein turnover has been suggested as a regulatory mechanism (46).
ENZYMOLOGY
P-type ATPases are believed to alternate between at least two major conformations, E 1 and E 2 . The E 1 form has high affinity for ATP as well as the ion to be transported out of the cytoplasm. The E 2 form has low affinity for both ligands, but has high affinity for the inhibitor vanadate. Transport of a bound cation from one side of the membrane to the other is associated with the conformational change between E 1 and E 2 ( Figure 7) . According to the Post-Albers scheme (1, 110), the cation enters from the cytoplasmic side and is bound to the enzyme in the E 1 conformation. Phosphorylation of the invariant aspartyl residue results in the E 1 P form of the enzyme, which is then converted to E 2 P. The cation, now bound with lower affinity to the same site as before, is then released on the other side of the membrane. Phosphate is released by hydrolysis of the aspartyl phosphate bond, and the E 2 form of the enzyme reverts to E 1 . According to this model, the pump operates much like the lock of a waterway, which also has an enclosed section with alternating accessibility to either side. Protons are ligands of the H + -ATPase, and therefore pH is expected to strongly influence pump activity. Indeed, kinetic data suggest that protonation on an ionizable group in the AHA2 H + -ATPase with a pK of ∼6.7 stabilizes the high-affinity conformation (E 1 ) of the enzyme (112) .
Similarly, in the Na + /K + -ATPase and muscle sarcoplasmic reticulum Ca 2+ -ATPase, the cations to be bound from the cytoplasmic side (Na + and Ca
2+
, respectively) stabilize the enzyme in the E 1 conformation (59).
When plant plasma membrane H + -ATPase is activated by mechanisms involving the R-domain, the ATP affinity increases and pH optimum of the pump is displaced towards neutral values, which might reflect an increased H + affinity (98, 99, 112) . In line with the discussion above, this would suggest that in the activated state the conformational equilibrium of the enzyme has been shifted toward the E 1 form.
STRUCTURE-FUNCTION RELATIONSHIPS

Quaternary Structure
The quaternary structure of the red beet plasma membrane H + -ATPase has been studied by radiation inactivation experiments. This analysis revealed a H + -ATPase target size of about 225 kDa in plasma membrane vesicles and 218 kDa in reconstituted liposomes, corresponding to a dimeric form of the enzyme (21). The H + -ATPase solubilized with the detergent Zwittergent 3-14 enzyme has a target size of 129 kDa, corresponding to the expected mass of a monomer (21). Because the solubilized enzyme is still active, the minimal functional unit of the H + -ATPase is likely to be a monomer (21). In line with these results, it has been demonstrated that reconstituted monomers of N. crassa H + -ATPase are active proton pumps (43) .
Tertiary Structure
Information on the three-dimensional structure of a membrane protein can be obtained from analysis of well-ordered crystals of the purified protein in either two or three dimensions. Only very recently has it been possible to crystallize purified recombinant plant plasma membrane H + -ATPase for this purpose (T Jahn, J Dietrich, B Andersen, C Otter, C Briving, MG Palmgren, submitted). These crystals of AHA2 diffract to 8Å resolution, but so far the crystals have been studied only in one plane. The crystal unit cell suggests that the H + -ATPase is organized in the membrane as a dimer. Furthermore, the cytoplasmic portion of the molecule appears to be divided into three distinct densities, which could correspond to distinct domains of the enzyme.
The plasma membrane H + -ATPase of the fungus Neurospora crassa has been crystallized in two dimensions (11) . From analysis of the crystals by cryoelectron microscopy, a structure resolved to 8Å resolution was obtained. The H + -ATPase forms hexamers, and ten transmembrane helices are apparent in the crystal structure of each H + -ATPase molecule. The pump is exposed to both sides of the membrane; however, most of the H + -ATPase (around 70%) is exposed to one side of the membrane, presumably the cytoplasmic side, and is separated into four more-orless separated domains.
The recent solution of the crystal structure of the sarcoplasmic reticulum Ca 2+ -ATPase to 2.6Å resolution (134) is a landmark in our understanding of structure/function relationships in cation pumps. Since this is the only structure of a P-type ATPase solved at atomic resolution, it serves as a model for the structure of related pumps such as the plasma membrane H + -ATPase. In the structure of the Ca 2+ -ATPase (134), a large cytoplasmic protrusion is associated with a bundle of ten membrane spanning alpha-helices, as in the Neurospora H + -ATPase (11) . Although the borders of the membrane are not clearly defined in the structure, some of the transmembrane helices are very long and protrude into the cytoplasmic region of the pump. Very little of the protein mass is exposed to the extracytoplasmic side. The cytoplasmic region is divided into three well-separated domains: A, P, and N ( Figure 8 ). The actuator domain (A) includes the N-terminal region and the portion of the molecule formed by the small cytosolic loop between M2 and M3. The phosphorylation (P) domain is bounded by M4 and M5 and includes the aspartyl residue to be phosphorylated during catalysis. The nucleotide (N) binding domain is fused to the P-domain and contains the ATP binding site. Thus, the domain structure of the Ca 2+ -ATPase corresponds very well to the domain organization suggested above in the discussion on the evolution of P-type ATPases.
The primary structure of the Arabidopsis plasma membrane H + -ATPase AHA2 is indicated in Figure 9 . The various domains of the enzyme, as revealed from sequence comparison with the Ca 2+ -pump, are indicated in colors. The sequence analysis method of von Heijne (143) predicts all ten transmembrane segments in SERCA1 correctly, and similarly predicts ten transmembrane helices in the AHA2 H + -ATPase (96).
H + -Binding Site(s)
A 1:1 stoichiometric relationship between ATP being hydrolysed and protons being transported is supported by measurements under a number of experimental conditions (19, 22, 125) . However, this does not preclude the possibility that other ratios are possible under other conditions (15, 84) or that one or more protons could be counter-transported by the H + -ATPase. Thus, hydrolysis of ATP might e.g. result in two protons pumped out and one pumped in (Figure 10 ). Other P-type ATPases are involved in counter-transport of cations, and in the case of the Ca 2+ -ATPase, the counterions are indeed protons. Binding of counterions in a number of P-type ATPases appears to be required for hydrolysis of the E 2 P phosphoenzyme (80) .
By comparison with other ion pumps, at least two models for ion binding can be envisioned. According to the first model, protons will follow a pathway of different polar groups during transport through the membrane (19a). Such a proton-wire mechanism appears to be true for well-characterized H + pumps such as bacteriorhodopsin (50, 67a) and cytochrome c oxidase (78, 127) . According to the second model, the ion to be transported binds to a specific pocket surrounded by coordinating groups (19a). This model appears to be valid for related P-type ATPases, such as the Ca 2+ -and Na + /K + -ATPase. Assuming a similar transport mechanism in the H + -ATPase, this raises the question as to whether H + is transported as H 3 O + (18b, 19a), which has about the same ionic radius and Na + and Ca 2+ ( Table 3 ). The observation that heavy water (D 2 O) inhibits plasma membrane H + -ATPase activity in isolated plasma membrane vesicles (118) supports a model that involves translocation of water.
Site-directed mutagenesis and preferably structural studies are required to test which residues are involved in binding of protons by the H + -ATPase. It has been proposed (134) that binding of Ca 2+ to the Ca 2+ -ATPase requires step-wise dehydration of Ca 2+ , whereas dissociation is associated with rehydration of the bound (145) . When H + -ATPase sequences are compared in their presumed transmembrane regions, just one acidic residue is strictly conserved, namely Asp684 (AHA2 numbering) in M6, and among the polar residues only two are conserved (Gln760 and Ser762; both in the middle of M8) (Figure 12) .
In the Arabidopsis H + -ATPase AHA2, Asp684 has been replaced by Asn (22a). This conservative substitution has no effect on folding of the enzyme but completely abolishes proton pumping by the ATPase. The mutagenized enzyme is able to proceed to E 1 P but from here it appears to be blocked in its catalytic cycle. Thus, these data are compatible with Asp684 being involved in coordination of H + . In the yeast H + -ATPase PMA1, many residues in transmembrane regions have been individually mutated (4, 33, 45, 124) , including Asp730 (45; in M6), which corresponds to AHA2 Asp684. However, in the yeast enzyme, Asp730 cannot be substituted alone since this residue is apparently involved in forming a salt bridge with Arg695 in M5, and in its absence, PMA1 does not fold properly (45) .
In the calcium pump structure, two calcium ions are bound side by side in the same plane as the membrane (134) . Site I is located between M5 and M6, whereas site II is between M4 and M6) ( Figure 13 ). In site II, three carbonyl groups of hydrophobic amino acid residues contribute to coordination of the bound Ca 2+ ( Figure 14) . Carbonyl groups are normally hidden in the core of alpha-helices, but two prolines separated by three residues partially unfold the alpha-helical structure of M4 and allow the coordinating carbonyl groups to get into close proximity to Ca 2+ . In M6, Asp800 (corresponding to AHA2 Asp684) plays a key role as it is coordinating both of the two Ca 2+ ions bound and is in close proximity to the unwound part of M4 (Figure 15) .
A three-dimensional model of the first six transmembrane segments of AHA2 has been built from the coordinates of the Ca 2+ -pump structure by homology modeling (J Bukrinsky, MJ Buch-Pedersen, S Larsen, MG Palmgren, submitted) ( Figure 13 ). The details of this model are only suggestions, but it might serve as a useful tool to predict the roles of various residues and domains of the plant H + -ATPase. In the model of the AHA2 H + -ATPase, there appears to be no analogy to site I in the SERCA1 Ca 2+ -ATPase, since the binding pocket apparently is occupied by the side chain of a basic residue, Arg655 (Figure 14) . On the other hand, the two proline residues in M4 are strictly conserved between Ca 2+ -and H + -ATPases. Accordingly, in the model of the AHA2 H + -ATPase, M4 is also unfolded (Figure 15 ) and the position of carbonyl groups in this region would easily allow for coordination of a bound H 3 O + (Figure 14) . Thus, four residues in the transmembrane region of plant plasma membrane H + -ATPase emerge as candidate coordinating residues in a H 3 O + binding site: Asp684 in M6 could contribute with its side chain whereas three residues in M4 (Ile282, Gly283, and Ile285) each might contribute with carbonyls ( Figure 14) . At this location, the H + might be shared between the bound water molecule and the carboxyl group of Asp684. In yeast PMA1, the corresponding residues in M4 (Ile331, Ile332, and Val334) have been substituted individually with Ala. These mutants have reduced (around 30%) H + -ATPase activity but are still able to pump protons (4).
ATP Binding Site
Fluorescein isothiocyanate inhibits activity of the N. crassa PMA1 H + -ATPase by reacting with Lys474 (which in AHA2 corresponds to Lys423) in the wellconserved sequence motif KGAP. Since ATP protects Lys474 from fluorescein isothiocyanate, it was suggested that this residue is located at the nucleotidebinding domain (102) . Indeed, in the Ca 2+ -ATPase structure, the corresponding residue is positioned at the bottom of the predicted ATP binding site formed by the N-domain (134) . As noted by Toyoshima and coworkers (134) , the ATP binding site in the crystal structure is far (about 25Å distance) from the aspartyl residue that is phosphorylated by the gamma-phosphoryl group of the bound ATP. This could imply that a substantial conformational change takes place between binding of ATP and formation of the phosphoenzyme.
Mg
2+ Binding Site
Mg 2+ is absolutely required by the plasma membrane H + -ATPase for ATP hydrolysis (136) . Modeling the active site of P-type ATPases on the dehalogenase fold (114) has suggested that the Mg 2+ ion is coordinated by two aspartate residues that in AHA2 H + -ATPase would correspond to Asp588 and Asp592 ( Figure 16 ) that are part of the segment 587 GDGVNDAPALKKA, which is highly conserved among P-type ATPases (12) . The bound Mg 2+ is proposed to be in close proximity to residues that correspond to AHA2 Asp329, the aspartyl residue in the P-domain that gets phosphorylated during catalysis. Mutagenesis studies with the Na + /K + -ATPase support the notion that at least Asp710 in Na + /K + -ATPase (corresponding to AHA2 Asp588) contribute to Mg 2+ binding during transfer of the gamma-phosphate of ATP to the aspartyl residue (106a). The role of the bound Mg 2+ might be to neutralize the negatively charged phosphate group and, in addition, it could be involved in activation of the attacking neutrophile, polarization of the P-O bond, and stabilization of the leaving group (114).
Catalytic Mechanism
Koonin and coworkers (8) have suggested a reaction scheme for P-type ATPases based on the structural homology between these pumps and haloacid dehalogenases. The reaction scheme of haloacid dehalogenases is known in considerable detail (53, 70, 115) . Modified for the plant plasma membrane H + -ATPase, the following reaction scheme can be proposed (Figure 16 ): First, Asp329 forms a transition state complex with the gamma-phosphoryl group of ATP. In this complex, one of the excessive negative charges is stabilized by the positive charge of a nearby basic residue, Lys569, and the other charge is balanced by Mg 2+ (see above). This leads to formation of the aspartyl phosphate pump intermediate. Mg 2+ would leave again together with ADP. A water molecule is then consumed for hydrolysis of the acylphosphate bond and phosphate is released. It has been proposed that the A domain is involved in catalyzing this phosphatase reaction (123) .
Position of the R-domain and Its Intramolecular Receptor
The R-domain of the plant plasma membrane H + -ATPase comprises approximately 110 residues (Figure 8 ). Substitutions at several residues in the R-domain of the N. plumbanifolia PMA2 result in activated H + -ATPases in which the Rdomain is more vulnerable to proteolytic attack compared to that of the wild-type enzyme (83, 84) . Since the substitutions mimic the effect of proteolytic removal of the R-domain, it is plausible that they result in displacement of this domain from the rest of the molecule (83, 84) . A mutational study of AHA2 through 87 consecutive residues in the C-terminal domain has revealed that single amino acid substitutions at 23 positions lead to increased pump activity (13) . The amino acid substitutions resulting in this phenotype cluster in two groups, regions I and II (Figure 8) , that together are likely to form the autoinhibitory region of the R-domain.
The R-domain is likely to interact with a portion of the pump molecule and in this way to exert its negative effect on enzyme activity. Genetic strategies have been employed to identify this intramolecular receptor for the R-domain. Yeast strains containing no endogenous H + -ATPase activity have been allowed to express plant H + -ATPase and spontaneous mutations in the plant gene that result in an upregulated H + -ATPase could be isolated because they increase the growth rate of the transformed yeast cells. Many of the mutations obtained in this way cluster in regions I and II of the R-domain (15, 83, 84) but, in addition, large numbers of mutations have been observed in other regions of the pump molecule. Thus, in the N. plumbaginifolia PMA2 H + -ATPase polypeptide such mutations are found in the presumed A-and P-domains and in M1 and M4 (83, 84) (Table 4) . A similar strategy has been employed to identify regulatory residues in the yeast PMA1 H + -ATPase (34) and substitutions have been found in essentially the same domains 
but also in M2 (Table 4) . Likewise, in the plant Ca
2+
-ATPase ACA2 (27), which is regulated by an N-terminal regulatory domain, regulatory residues are found in the predicted M1, M2, and M3 (Table 4 ). The various P-type ATPases regulated by terminal autoinhibitory domains were aligned with the SERCA1 Ca 2+ -ATPase and the corresponding residues in this pump are indicated in Table 4 .
A note of caution is necessary before interpreting these results since "regulatory" mutants might involve the basic machinery involved in conformational transitions rather than specific regulatory properties. Thus, a large number of mutants in both the yeast H + -ATPase (3) and in the SERCA1 Ca 2+ -ATPase (7, 26, 41, 113, (140) (141) (142) 151) have been identified that are impeded in their ability to undergo the E 1 P-E 2 P conformational change. In these mutants, the conformational equilibrium is shifted toward the E 1 form, which is characterized by high affinity for ATP. The mutated residues group in several domains of the ATPases, such as the A-and P-domains, as well as M1, M2, and M4, much like the "regulatory" mutants described above. Ca 2+ -ATPase E 1 P-E 2 P conformational change mutants that appear to have the same phenotype behave very differently when the fast kinetics are analyzed in detail by rapid quench experiments (126) . Thus, they group into several classes that could involve conformational change mutants, regulatory mutants, etc.
Nevertheless, when residues in the Ca 2+ -ATPase corresponding to the regulatory substitutions in the various P-type ATPases regulated by terminal autoinhibitory domains are marked in the structure of the Ca 2+ -pump an interesting picture emerges (Figure 9 ). The residues affected form an almost continuous line of surface-exposed groups extending from the P-domain to the middle of M1. This raises the question as to whether the R-domain is placed horizontally relative to the rest of the pump molecule in the plane of the membrane, possibly extending into the membrane.
A few lines of evidence support the notion that the R-domain might indeed be close to or partially embedded in the membrane. Thus, (a) lysophosphatidylcholine, a lipid molecule, and free fatty acids, that incorporates into membranes, activate plant H + -ATPase by a mechanism involving the R-domain (see above); (b) fusicoccin, which interacts with the R-domain, is a strongly hydrophobic compound and is likely to partition into the membrane; (c) a protein kinase identified in spinach that phosphorylates the R-domain of the plasma membrane H + -ATPase is membrane-associated (132). 
CONCLUDING REMARKS
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